INTRODUCTION
============

Hybridization provides the basis for specific nucleotide sequence detection in a number of techniques commonly used in molecular biology. These include microarrays, polymerase chain reaction (PCR) ([@B1],[@B2]), Southern blotting ([@B3]), rolling circle amplification ([@B4]) and many others ([@B5]). All hybridization-based methods require small oligonucleotides, primers or probes, to recognize specific sequences in target DNA and specifically hybridize to these target regions as part of the detection process. Discrimination of such primers or probes between identical and related DNA sequences requires precise control of oligonucleotide *T*~m~, hybridization temperature and salt concentration.

Hybridization-based methods are commonly used to identify organisms present in environmental or biological samples. All have both strengths and weaknesses. Microarrays, for example, are very specific because multiple probes can be used in parallel to interrogate different regions of a genome ([@B6],[@B7]). However, microarrays are not the most sensitive technique with reported limits of detection of around 1000 to 2000 cells ([@B7],[@B8]). PCR on the other hand is both specific and highly sensitive (LODs of 10 or fewer organisms) but it is inhibited by contaminants commonly found in both environmental and biological samples. As a result, stringent isolation and purification pre-processing procedures are required to avoid false negatives ([@B7],[@B9],[@B10]). We have developed a hybridization-based nucleic acid detection method that is specific and, when combined with multiple displacement amplification, is sensitive and tolerant to contaminants commonly found in biological samples ([@B10]).

Restriction enzymes classically recognize a double-stranded DNA-binding site, and cleave each strand of the DNA using two independent catalytic cleavage centers ([@B11]). In contrast, nicking endonucleases such as Nt.BstNBI ([@B12]), only cut one strand. Nt.BstNBI is a naturally occurring nicking endonuclease that only cleaves one strand due to its inability to form dimers. New England BioLabs engineered the nicking endonuclease Nt.AlwI by creating a chimeric protein, which consists of the DNA-binding domain and catalytic center of AlwI fused to the defective dimerization domain of Nt.BstNBI ([@B13]). We have used the single-strand cleavage activities of Nt.Alw1 to develop a sensitive method for detecting the presence of unique DNA sequences that contain a nicking endonuclease recognition site. The presence of a restriction site within the probe increases specificity since hybridization alone is not enough for enzyme recognition. Instead, an exact sequence match is usually required \[see ref. ([@B14]) and New England BioLabs catalog for details on DNA binding and the effects of buffer solutions on DNA cleavage specificity\]. In this system, the probe binds to its target and is cleaved into two pieces that then dissociate from the target. More full-length probe then binds to the target, and the process continues until either all the probe oligonucleotides are cleaved or the enzyme is no longer active. We call this reaction nicking endonuclease signal amplification (NESA) since multiple probes are cleaved per target DNA molecule.

MATERIALS AND METHODS
=====================

Oligonucleotides, genomic DNA and nicking enzyme
------------------------------------------------

All oligonucleotides were obtained from Integrated DNA Technologies (Coralville, IA, USA). Bsub 3 (5′ 6-FAM™/TTT GGA TCG TTT CAA AGA GAG), Bsub 6 (5′ 6-FAM™/CCG GAT CTG AGG TAA CGA TGT) and BA1 (5′ 6-FAM™/AGG ATC GAA TAA GAG GTC CTT CAT) are 5′-fluorescently labeled oligonucleotide probes that were purified by ion exchange HPLC. They are identical to bases 1335052--1335072 and 431471--431491 of the *Bacillus subtilis* strain 168 genome ([@B15]) and bases 4610697--4610674 of the *B. anthracis* Ames strain respectively. Bsub 3c and Bsub 6c are the non-fluorescently labeled complementary oligonucleotides of Bsub 3 (CTC TCT TTG AAA CGA TCC AAA) and Bsub 6 (ACA TCG TTA CCT CAG ATC CGG) and were purified by standard desalting methods. Five oligonucleotide size standards (5, 17, 20, 30 and 50 bases) were synthesized with hexachlorofluorescein (HEX™) on their 5′ ends. Genomic DNA for *B. subtilis, B. cereus, B. thuringiensis* and *B. anthracis* was obtained from Dr Kevin O'Connell of the U.S. Army Edgewood Chemical Biological Center, Aberdeen Proving Ground, MD.

The nicking enzyme, Nt.Alw1, was obtained from New England BioLabs (Ipswich, MA, USA). Nt.Alw1 (10 units = 0.09 pmol) has a specific activity of 1.8 × 10^6^ U/mg (Richard Grandoni, personal communication) and a reported turnover rate of 120 cleavage events per hour per pmol ([@B13]).

Whole genome amplification
--------------------------

Genomic DNA was amplified by multiple displacement amplification (MDA) ([@B16]). MDA uses Phi29 polymerase and random hexamers to uniformly amplify the entire genome of an organism with little to no amplification bias ([@B17]). MDA was performed using the REPLI-g kit from Qiagen. Ten nanograms of genomic DNA from various *Bacillus* species were amplified according to the manufacturer\'s instructions. Amplified samples were stored at −20°C. MDA DNA was quantified using the PicoGreen assay using the manufacturer\'s protocol (Invitrogen), and specificity of amplification by PCR analysis. The following primers were used: *B. subtilis* 5′-TGATCTTAGTTGCCAGCATTCAGTT, 5′-TCTGTCCATTGTAGCACGTGTGTAG; *B. anthracis*, 5′-GAGAAAGATGAGTAAAAAACAACAA, 5′-CATTTGTGCTTTGAATGCTAG. *Bacillus subtilis* genomic and MDA DNA were compared using qPCR. qPCR was performed on a BioRad iCycler iQ System using the Sybr Green assay with the following conditions: 95°C for 3 min, 95°C for 30 s, 55°C for 30 s, 72°C for 30 s with all but the 3′ at 95°C step repeated 40 times. The reactions contained 25 pmol of the primers (above), Sybr Green Supermix (BioRad) and target DNA (1 pg to 10 ng) in a total volume of 50 µl. MDA DNA had a slightly higher allele frequency than genomic DNA (\<1.4-fold). This allele bias is within the range reported previously ([@B17]).

Culture analysis of *B. subtilis* cells
---------------------------------------

A *B. subtilis* culture was plated overnight on LB-agar. A single colony was isolated and grown for 4 h in 15 ml of LB broth shaken at 230 r.p.m. The culture was then diluted 1:100 with LB broth. This 1:100 dilution was further diluted into five consecutive 1:10 serial dilutions in LB broth. From each of the six dilutions, 1 µl of the dilution was mixed into 25 µl of LB broth and plated onto an LB-agar plate for incubation overnight at 37°C. Colonies were counted for each dilution the following morning. An additional 1 µl of the dilutions were used as template for an MDA reaction, for a total of six MDA reactions. The MDA reactions were performed using the REPLI-g kit from Qiagen according to the manufacturer\'s instructions except that 2.0 μl instead of 2.5 μl PBS were added to the cellular material to account for the additional volume from the *B. subtilis* culture. Amplified samples were stored at −20°C.

Nicking endonuclease amplification reaction
-------------------------------------------

Each reaction contained 1× NEBuffer 2 (New England BioLabs), 1 pmol fluorescently labeled probe, 10 U (0.09 pmol) Nt.AlwI and a specified amount of target DNA, all in a total volume of 10 µl. The amount of target DNA, the length of reaction and the temperature used varied from experiment to experiment. All reactions were incubated in a PTC--200 DNA Engine thermal cycler from Bio-Rad Laboratories (Hercules, CA, USA) using the following conditions. Buffer, probe and target were added to a thin-walled PCR tube or to a PCR microplate. Samples were then incubated at 95°C for 10 min to denature the target, followed by equilibration at the specified reaction temperature for 5 min prior to addition of the enzyme. After a specified period of time, the reactions were heat-killed at 80°C for 20 min and stored at 4°C until analysis by capillary electrophoresis. All reactions were performed in triplicate.

Capillary gel electrophoresis
-----------------------------

Samples were analyzed using an Applied Biosystems 3130xl Genetic Analyzer; electrokinetic loading was used in all cases. The distance from the loading point to the detector was 35 cm. POP 6 polymer from Applied Biosystems was used with an injection voltage of 1.2 kV and a loading time of 18 s. Run voltage was 15 kV for 10 min; oven temperature was set at 60°C. Prior to loading on the ABI3130xl, the reactions were diluted 100-fold (20-fold with water and then 5-fold with formamide). Final loading volume was 10 µl. A set of Hex™-labeled standards was run with each sample to aid in peak identification, which was performed using GeneMapper software from Applied Biosystems.

RESULTS
=======

Nicking endonuclease signal amplification
-----------------------------------------

NESA is a sensitive method for identifying specific single- or double-stranded DNA sequences. The method involves the hybridization of a complementary oligonucleotide probe to the target DNA ([Figure 1](#F1){ref-type="fig"}). Target DNA is first denatured by heating at 95°C for 10 min in the presence of a molar excess of an oligonucleotide probe. The target DNA can be any DNA that is, or can be made, single-stranded. We have used oligonucleotides, PCR-amplified DNA, and whole genome amplified (WGA) genomic DNA (amplified by multiple displacement amplification). The probe is an oligonucleotide that has a fluor on the 5′ or 3′ end or internally. The probe is complementary to one strand of the target DNA and when annealed, the oligonucleotide probe and target create a recognition site for a strand-specific nicking endonuclease that cleaves the oligonucleotide probe into two pieces, but leaves the target intact. Once the full-length probe is cleaved in two, the affinity of the probe fragments for target DNA is reduced and they dissociate leaving the target free to again form a complex with full-length oligonucleotide probe. Figure 1.Nicking endonuclease signal amplification. **(A)** Double-stranded target DNA containing an Nt.Alw I site is first denatured at 95°C and then annealed to a fluorescently labeled oligonucleotide probe at 58°C. Theoretically, the fluorescent label can be anywhere in the probe as long as it does not interfere with Nt.AlwI cleavage; we have used it successfully at either the 5′ or 3′ positions. Nt.Alw I cleaves the probe but not the target DNA and the two probe pieces spontaneously dissociate from the target. New full-length probe anneals to the target and the reaction is repeated. (**B)** Analysis of NESA using capillary electrophoresis. The top trace shows only full-length probe, indicating no cleavage activity occurred while the bottom trace shows an example of positive cleavage activity; the two peaks correspond to cut probe and full-length probe.

The reaction contains a molar excess of oligonucleotide probe therefore hybridization, cleavage and dissociation can occur many times. NESA is only limited, theoretically, by the availability of oligonucleotide probe or the stability of the enzyme. The reaction is highly specific since it requires complete complementarity between the oligonucleotide probe and the target at the restriction site and sufficient complementarity to allow hybridization outside of the enzyme recognition site. Hybridization temperatures can be adjusted to allow increased or decreased specificity; sequences containing just one mismatch (e.g. single nucleotide polymorphisms) are easily distinguished if desired.

NESA cleaves the probe into two pieces, one of which is fluorescently labeled. Since the resulting pieces are smaller than the full-length probe, the rate of the reaction can be measured by any method that can both detect fluorescent molecules and distinguish such oligonucleotides by size. In this study, we used capillary electrophoresis (CE) and laser induced fluorescence (i.e. an automated DNA sequencer) to measure these parameters at specific endpoints ([Figure 1](#F1){ref-type="fig"}B). Measurement by CE is fast, sensitive and amenable to high throughput.

Temperature range of NESA
-------------------------

In general, sequence-specific DNA detection using hybridization reactions requires a hybridization temperature that allows binding of the probe to its cognate sequence but not to related sequences. Specificity improves as the length of the probe increases so long as the hybridization temperature can also be increased. In NESA, probe hybridization is immediately followed by nicking endonuclease cleavage of the probe and dissociation of the two smaller DNA pieces. Thus in our system there are two additional constraints: the hybridization temperature needs to be compatible with the thermostability of the nicking endonuclease and the temperature has to be high enough to allow rapid dissociation of the cleaved probe.

Nt.AlwI has a recommended incubation temperature of 37°C based on the standard nicking endonuclease reaction in which supercoiled, circular DNA is nicked. To determine whether higher temperatures could be used for NESA, we performed a series of standard reactions using incubation temperatures up to 65°C ([Figure 2](#F2){ref-type="fig"}A). We used two 21-mer *B. subtilis* probes, Bsub 3 and Bsub 6, that have a standard *T*~m~ of 50.6 and 56.3°C, respectively (Integrated DNA Technologies Inc). Both probes had a relatively small amount of activity at 45°C, a broad optimum temperature range between 50 and 60°C and a precipitous drop in activity above 60°C. The Bsub 6 probe had slightly higher activity and retained activity longer than Bsub 3. Figure 2.Effects of temperature on NESA. Reactions were set up as detailed using the standard NESA procedure described in *Methods* using the indicated fluorescent probes and 10 fmol of each complement oligonucleotide. Reactions were then analyzed using capillary electrophoresis. (**A)** Reactions were incubated for 1 h at the indicated temperatures. (**B)** Buffer, probe and enzyme were incubated together at the indicated temperatures for 15 min. Reactions were then equilibrated at 58°C, complement added, and incubation continued for 1 h at 58°C.

The precipitous drop in activity above 60°C was very suggestive of a protein denaturation event. To determine if this was the case, we pre-incubated reactions without target complement DNA at set temperatures for 15 min, equilibrated the reactions at 58°C and then added complement to start the reaction ([Figure 2](#F2){ref-type="fig"}B). Pretreatment up to ∼60°C had little effect on enzymatic activity but higher temperatures led to a similar precipitous drop in activity as seen in [Figure 2](#F2){ref-type="fig"}A, suggesting that indeed the limitation in incubation temperature is due to enzyme denaturation. There does appear to be a small probe-specific effect since reactions containing Bsub 6 retained activity longer. Based on these results, we decided to use a standard incubation temperature of 58°C. Successive experiments showed that Nt.Alw1 retained full activity for at least 1 h at 58°C (data not shown).

Reaction rate and target concentration
--------------------------------------

NESA is extremely rapid. Using equimolar concentrations of probe and complement target (1 pmol) and 10 U of enzyme, the reaction is almost instantaneous with over 90% cleavage of probe occurring within 1 min ([Figure 3](#F3){ref-type="fig"}A). By decreasing the target concentration 10-fold to 100 fmol ([Figure 3](#F3){ref-type="fig"}B), the reaction slows down somewhat but still shows more than 70% cleavage within 1 min and the reaction has gone to completion by 10 min. As target is reduced even further ([Figure 3](#F3){ref-type="fig"}C and D), the reaction rate is further decreased and at 1 fmol the reaction plateaus at ∼15% cleavage after 30 min. As evident in the inset of [Figure 3](#F3){ref-type="fig"}D, there is an early linear response that then plateaus. This plateau is consistent with a decline in reaction rate seen when reaction components become limited. One femtomole is the approximate limit of detection of oligonucleotide targets using our standard reaction and detection technique since at 0.1 fmol we observe very little activity (data not shown). Figure 3.Sensitivity using oligo targets. NESA reactions were set up as detailed using the standard procedure described in Methods section using the indicated fluorescent probes and the indicated amount of each complement oligonucleotide. Reactions were allowed to run for the indicated time at 58°C and then analyzed using capillary electrophoresis.

Based on the results with the oligonucleotide probes and their complements, which we thought would be ideal substrates for NESA, we expected the assay to be less sensitive with more complex DNA. To our surprise this did not happen. We found that the limits of detection are lower with WGA genomic DNA. We can reliably detect less than 0.1 fmol of WGA genomic DNA (Figure 4). However, we never achieved the high cleavage rates seen with the higher amounts of complement (\>1 fmol) when using WGA genomic DNA. Maximum cleavage was ∼15% using 0.4 fmol of genomic target (1 µg). This is more than sufficient for adequate identification since cleavage levels of as little as 1% are well over background.

One of the possible uses of NESA is to detect and identify bacteria present in a crude sample. To determine the limits of detection of NESA in such an assay, we used serial dilutions of a log phase culture of *B. subtilis*. One aliquot of each dilution was plated on LB agar plates to determine the number of colony forming units (cfu) present, and the other aliquot underwent MDA, NESA and CE detection without any prior sample clean up. As shown in [Figure 5](#F5){ref-type="fig"}, we can detect a single copy target from less than 30 cfu from unpurified sample. Figure 5.Limit of detection using bacterial cells. A log phase culture of *B. subtilis* was serially diluted and 1 µl of each dilution was used to determine colony forming units by growth overnight on LB plates. Another 1 µl aliquot from each of these dilutions was amplified directly with multiple displacement amplification, without sample clean up, then underwent NESA analysis with both Bsub 3 and Bsub 6 probes.

Specificity of NESA
-------------------

The genomic targets of Bsub 3 and Bsub 6 were chosen with little regard to specificity, although both probes represent single copy regions of the genome as their exact sequences are not present elsewhere in the genome. To determine the specificity of these probes, WGA DNA from a panel of *Bacillus* species was screened using our standard NESA ([Figure 6](#F6){ref-type="fig"}). Bsub 6 recognizes *B. subtilis* with no significant activity against *B. anthracis, B. cereus* and *B. thuringiensis*. Bsub 3, in contrast, recognizes *B. subtilis, B. anthracis* and *B. cereus.* To show that it is possible to generate other species-specific probes, we synthesized a probe against *B. anthracis* (BA1, Methods section) and tested it against closely and distantly related organisms. BA1 recognized *B. anthracis* but had no activity at all against *B. cereus, B. subtilis, B. thuringiensis*, mouse and human DNA (data not shown). Figure 6.Probe specificity. Standard NESA reactions were performed using 0.2 fmol of genomic DNA from various *Bacillus* species. No cut probe was detected in the absence of added DNA or using the Bsub 6 probe with *B. anthracis, B. cereus* or *B thuringiensis* genomic DNA. \*, significantly different (*t*-test) from the no added DNA control (*P* \< 0.005).

Multiplex assays
----------------

Theoretically, the NESA reaction can be multiplexed based on oligonucleotide size and by using oligonucleotides labeled with different fluors. In [Figure 7](#F7){ref-type="fig"}A, we performed a multiplex assay using both Bsub 3 and Bsub 6 (FAM-labeled) probes and their complements. When cleaved in NESA, Bsub 3 and Bsub 6 migrated indistinguishably from each other on CE even though they are 12 and 11 bases long respectively. In order to increase the separation of the two probes, two new FAM-labeled probes were synthesized that had 2 additional bases (Ts) on the 5′ end. These probes are clearly distinguishable from the original Bsub 3 and Bsub 6 probes ([Figure 7](#F7){ref-type="fig"}B and C). We demonstrated the ability to multiplex using probes labeled with different fluors by synthesizing an additional two probes, HEX-labeled Bsub 3 and HEX-labeled Bsub 6 ([Figure 7](#F7){ref-type="fig"}D--F). We expected that the FAM- and HEX-labeled Bsub 3 probes would migrate at the same position and that they could be distinguished by their spectral characteristics, a routine function of the ABI3130 that we use for capillary electrophoresis. However, in this experiment, the use of alternate dyes in itself altered the mobility of the fragments so that the cleaved fragments of FAM-Bsub 3 and HEX-Bsub 3 could be easily distinguished both with oligonucleotide complements ([Figure 7](#F7){ref-type="fig"}D) and with *B. subtilis* MDA DNA ([Figure 7](#F7){ref-type="fig"}F). Figure 7.Multiplex assays. Standard NESA reactions were set up using either oligonucleotide complements (**A--E**) or 500 ng *B. subtilis* MDA DNA. Peaks labeled 3 and 6 are derived from FAM-labeled probes Bsub 3 and Bsub 6, respectively (blue lines). Peaks labeled 3T and 6T are derived from FAM-labeled Bsub 3 and Bsub 6 probes with two additional nucleotides (T~2~) at the 5′ end. Peaks labeled 3H and 6H are HEX-labeled Bsub 3 and Bsub 6 probes, respectively (green lines). The positions of the 5 and 17 base hex-labeled standards are shown. The cleaved probes migrate at positions that cannot be determined solely by their length. The apparent sizes of the cleaved probes are: FAM-Bsub 3, 13.4 bases; FAM-Bsub 6, 13.6 bases; FAM-Bsub 3T2, 14.6 bases; FAM-Bsub 6T2, 14.4 bases; HEX-Bsub 3 bases, 14.5; HEX-BSub 6, 15.1 bases.

DISCUSSION
==========

The ability to detect specific DNA sequences is a common requirement of many techniques in molecular biology. A method of identifying specific DNA sequences that relies on the single-strand specific nucleolytic activity of a nicking endonuclease has been developed. NESA is rapid and sensitive, detecting a single copy target from less than 30 cfu of unpurified cellular material in less than 1 h. We have also demonstrated that the technique can be used to develop species-specific probes capable of discriminating between closely related organisms.

NESA is extremely rapid, cleaving over 90% of the probe in lesser than a minute with 10-fold less enzyme than substrate (probe). Nt.AlwI has been reported to have a turnover rate of approximately two cleavage events per minute in an experiment that was performed at the recommended incubation temperature of 37°C and on a substrate of supercoiled, circular DNA ([@B13]). Under our conditions, an incubation temperature of 58°C with a linear oligonucleotide substrate, we have achieved turnover rates upwards of 10 cleavage events per minute ([Figure 3](#F3){ref-type="fig"}A). Preliminary experiments with 100-fold lesser enzyme than substrate indicate turnover rates as high as 16 cleavage events per minute (data not shown). The increased turnover rate in NESA compared to the supercoil relaxation assay could be simply due to the increased temperature (58°C for NESA versus 37°C) or it could be due to the destruction of the substrate in NESA (at 58°C the products dissociate) but not in the supercoil relaxation assay.

NESA requires a single-strand DNA target and we have shown that robust signals can be generated from both short oligonucleotides and longer, more complex genomic DNA. In reactions containing more than 10 fmol of oligonucleotide target DNA, we routinely obtain near complete cleavage of the probe. At lower oligonucleotide target levels or with genomic targets, we get lower levels of probe cleavage. Even so, we reliably achieve 5--15% cleavage of the input probe using WGA genomic DNA as target. Decreased rates of probe cleavage occur with low levels of both genomic and oligonucleotide targets ([Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}), therefore the phenomenon appears not to be specific to the type of target DNA. We know that this effect is not due to loss of enzyme activity since Nt.AlwI preincubated at 58°C for 1 h is as active as fresh enzyme. Similarly, it is not due to insufficient enzyme since the addition of more enzyme halfway through the reaction does not increase the signal. In the case of WGA genomic DNA, there is an indication that the lower rates may be due, at least partially, to probe access issues since sonication of the genomic DNA can increase the signal up to 25% (data not shown). Figure 4.Sensitivity using genomic targets. Standard NESA reactions were set up using *B. subtilis* WGA DNA. (**A)** Reactions contained 0.2 fmol WGA DNA and were incubated at 58°C for the indicated times. (**B)** NESA reactions containing the indicated amounts of MDA DNA were run for 60 min at 58°C.

The 10-fold increase in sensitivity with genomic DNA compared to oligonucleotide target was unexpected since genomic DNA is not only more complex but also contains many Nt.AlwI sites outside of the target sequence that, if re-annealed, could compete for enzyme. It does not appear to be due to the presence of multiple targets within the genomic DNA because, based upon sequence analysis, the probes were designed to single copy regions of the *B. subtilis* genome. One possibility is that the longer DNA allows the nicking endonuclease to search for recognition sites in 1D space ([@B14]), rather than by 3D diffusion as with short oligos. Another possibility is that the products of the reaction, cut probe pieces, bind transiently to the oligonucleotide target and thus, compete with full-length probe for the target sites. This should be less of a problem with complex DNA since there are plenty of sites for the probe pieces to transiently bind other than the actual target sites. Therefore, the target sites remain available for binding with the full-length probe. A final possibility is that the single-stranded regions on either side of probe hybridized to genomic DNA increase cleavage efficiency. This seems unlikely, however, as single-stranded regions next to a restriction enzyme binding site have not been shown to contribute to cleavage efficiency. Indeed, we have found that even the length of a double stranded 5′ extension has little effect on the cleavage reaction. For instance, Bsub 3 has 3 bp 5′ of the restriction enzyme recognition site while Bsub 6 has a 2 bp overhang, yet they have similar sensitivities on both genomic and oligo targets. In addition, we have found that probes with only 1 bp 5′ of the recognition site work well.

NESA can be used as a method to detect specific organisms based on their DNA sequence. One of the common problems with current detection methods is the requirement to purify the DNA away from contaminants prior to analysis. When combined with multiple displacement amplification (MDA), NESA can be used to detect specific sequences from crudely prepared samples ([Figure 5](#F5){ref-type="fig"}). MDA has the ability to amplify DNA from an unpurified sample because it is tolerant of the contaminants commonly found in biological or environmental samples ([@B10],[@B17]). Preliminary studies indicate that MDA can amplify DNA from unpurified environmental samples in cases where real-time PCR fails (data not shown).

While NESA already exhibits excellent sensitivity, detecting a single DNA target in less than 30 cfu ([Figure 5](#F5){ref-type="fig"}), further increases in sensitivity are possible by optimization of the capillary electrophoresis step. The CE step currently requires a 100-fold dilution of the reaction. Therefore, of the 1 pmol of probe that was in the reaction, only 10 fmol is interrogated by the CE system. If the reaction can be modified such that the 1:100 dilution is not required, a 100-fold increase in sensitivity can be gained. The dilution step serves two purposes. First it decreases the ionic strength of the buffer allowing more efficient electrokinetic injection. Second, it reduces the level of fluorescent oligo that would otherwise overload the capillary. In reactions where increased sensitivity is required, most of the fluorescent signal comes from uncut probe. In preliminary experiments, we have had some success in removing full-length probe by incorporating biotin into the fluorescent probe and then using streptavidin conjugated to magnetic beads to remove full-length probe following NESA.

The specificity of NESA is in part due to the requirement of the target sequence to contain a nicking endonuclease target site. We have found that with Nt.AlwI probes a mismatch in any one of the 5 bp that constitute the recognition sequence completely inhibits cleavage (unpublished data). However, we do not know if impurities can give rise to star activity ([@B18]). The ideal length of the probe is not known, but presumably it is partially a function of the *T*~m~ of the full-length probe and the *T*~m~ of the two products. That is, the *T*~m~ differential has to be sufficient to allow initial hybridization of the probe followed by subsequent dissociation of both probe pieces. The probe also requires a certain length to retain its uniqueness in terms of base-pair composition, and thus its specificity for the sequence to which it was designed. Furthermore, the thermostability of the nicking enzyme must be taken into account because the enzyme becomes denatured at temperatures upwards of 60°C. Therefore, probes cannot have a *T*~m~ much greater than 60°C because specificity would have to be forfeited in order to maintain enzyme function. We analyzed two probes at an incubation temperature of 58°C, Bsub 3 and Bsub 6. Bsub 6 had a *T*~m~ of 56.3°C and was specific for *B. subtilis* while Bsub 3 had a lower *T*~m~ of 50.6°C and was more promiscuous detecting both *B. subtilis, B. anthracis* and *B. cereus*. Clearly, specificity is not merely a function of probe *T*~m~ as illustrated by these two examples. Instead, it is likely a combination of parameters, most notably *T*~m~ and sequence composition, that influence specificity.

NESA is also highly amenable to multiplexing since multiple sequences can be detected in a single reaction. Multiplexing by both probe size and fluorescent color is possible ([Figure 7](#F7){ref-type="fig"}). For size discrimination, the position of the restriction site within the probe can be varied ([Figure 7](#F7){ref-type="fig"}) or the fluorescent label can be placed at either the 5′ or 3′ end (data not shown). For color discrimination, we have shown that both FAM- and HEX-labeled probes can be used. Theoretically any fluorescent dye can be used that can be used to modify the oligonucleotide and that can be discriminated from the other dyes used in the reaction. This of course depends on the spectral characteristics of the dye and the capabilities of the capillary electrophoresis instrument used. We have found that the length of the probes is not a good predictor of their migration on CE; probes of the same length can separate while probes of different lengths can migrate together. In addition the fluor used can alter the migration pattern.

While we focused on Nt.Alw1, there are a number of other naturally occurring or designed nicking endonucleases that have been described ([@B19],[@B20] and references within). However, only a few are available commercially, mainly from New England BioLabs ([@B19]). We have successfully tested six enzymes \[Nb.BbvCI ([@B21]), Nb.BsmI, Nb.BsrDI, Nt.AlwI ([@B13]), Nt.BbvCI ([@B21]), Nt.BstNBI ([@B12])\] in NESA but we have yet to perform a careful analysis of their relative effectiveness. Nb.BsmI and Nb.BsrDI are particularly interesting in that they are active up to at least 65°C and so should allow the development of longer, more specific probes. Nb.BbvCI and Nt.BbvCI recognize the same 7 bp DNA sequence but cleave opposite strands. The 7-bp recognition site increases specificity of the probes but also reduces the number of regions of DNA that can be targeted (Nt.AlwI recognizes 5 bp).

NESA, although designed to detect DNA sequences, theoretically can be used to detect RNA sequences as well, as long as the RNA can be converted to cDNA. In some applications, such as rapid detection of RNA viruses, the ability to detect RNA directly would be beneficial. We have not tried to use NESA with RNA targets but there is some evidence in the literature which suggests that detection of DNA/RNA hybrids by wild type ([@B22]) or genetically modified restriction enzymes ([@B23]) may be possible.

In summary, the utility of NESA was demonstrated for detection of specific DNA sequences. Several occasions can be contemplated where NESA may represent the method of choice for detection of DNA sequences. First, NESA can be used as an assay in the detection of specific organisms. In medical diagnostics, NESA can be used as an assay for bacterial and viral agents, which affect both human and animal health. Since NESA is amenable to high-throughput automation, it can be used to combat bioterrorism in stand-alone devices that test aerosol samples for agents such as *B. anthracis*, the causative agent of anthrax. Of course with this assay as with all other DNA-based assays, terrorists could modify the target sequences rendering the detection system ineffective. The use of multiple probes and keeping targets secret makes this countermeasure less likely. In ecological studies, NESA would be useful in species and/or strain analysis. Genomic analysis is another area of research where it may be useful. NESA can distinguish between closely related DNA sequences and detect the presence of single nucleotide mutations/polymorphisms. In an experiment, where we introduced point mutations into oligonucleotide targets at each base-pair position, we found that a single mutation at any of the 5′ positions in the enzyme recognition site is sufficient to completely eliminate the signal (data not shown).
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